Using the catalytic CO oxidation at RuO2(110) as a showcase, we employ first-principles kinetic Monte Carlo simulations to illustrate the intricate effects on temperature programmed reaction spectroscopy data brought about by the mere correlations between the locations of the active sites at a nanostructured surface. Even in the absence of lateral interactions, this nanostructure alone can cause inhomogeneities that cannot be grasped by prevalent mean-field data analysis procedures, which thus lead to wrong conclusions on the reactivity of the different surface species.
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Using the catalytic CO oxidation at RuO2(110) as a showcase, we employ first-principles kinetic Monte Carlo simulations to illustrate the intricate effects on temperature programmed reaction spectroscopy data brought about by the mere correlations between the locations of the active sites at a nanostructured surface. Even in the absence of lateral interactions, this nanostructure alone can cause inhomogeneities that cannot be grasped by prevalent mean-field data analysis procedures, which thus lead to wrong conclusions on the reactivity of the different surface species. Temperature programmed desorption (TPD) and reaction (TPR) spectroscopy is a frequently employed tool that provides unparalleled insight into the binding energetics of adsorbates or reactants at solid surfaces by recording the amount of desorbing species while ramping the substrate temperature [1] . The obtained experimental data does contain information about the spatial arrangement of the surface species before and during the ramp, but only in an indirect way. Prevalent experimental data analysis procedures neglect such dependencies and rely almost entirely on a mean-field approach, arriving at expressions considering only the averaged surface coverages θ i of species i [1] . Obvious breakdowns of the mean-field assumption come from strong lateral interactions among the adsorbates or extrinsic defect sites. The intricate consequences on TPD and TPR spectra are well documented in the literature [2] and have made surface scientists broadly aware of the limitations of the prevalent mean-field data analysis procedures. With the explicit lattice structure not taken into account, another fundamental source of deficiency of mean-field theories are the neglected correlations between the locations of the active surface sites themselves, i.e. that the mere way how the active sites are arranged on the surface is not accounted for. Within the general move towards the atomic-scale characterization of ever more complex and nanostructured surfaces exhibiting a wide variety of different surface sites this will become an increasingly important factor also for the analysis of TPD and TPR spectra. We illustrate this here for the catalytic CO oxidation at RuO 2 (110), which is a showcase for a system with only very small lateral interactions. Without appreciable thermodynamic driving force for segregation (and thus for inhomogeneities in the adlayer) one would generally expect a mean-field picture to be valid. Instead we demonstrate that the neglect of the essentially onedimensional trench like arrangement of the most active surface sites in a mean-field analysis of a set of experimental TPR data [3] for this system leads to qualitatively wrong conclusions about the reactivity of the various sur- face species. Over the past years, RuO 2 (110) and the CO oxidation at this model catalyst surface have been extensively studied both experimentally, as well as by first-principles theory [4] . A wealth of data from ultrahigh vacuum experiments and density-functional theory (DFT) calculations is complemented by detailed in situ measurements and first-principles kinetic Monte Carlo (kMC) simulations of the steady-state catalytic activity. The picture that is unanimously obtained is that the surface kinetics is predominantly taking place at two prominent active sites, the so-called coordinatively unsaturated (cus) and the bridge (br) site. At the rutile (110) surface these two sites are arranged in alternating rows as illustrated in Fig. 1 cycles and the notion behind the well-known Brønsted-Evans-Polanyi type relationships [5] . In recent detailed first-principles statistical mechanics modeling this general expectation has been fully confirmed [6] : The calculated O cus +CO cus barrier is with 0.9 eV significantly lower than the one of the competing O br + CO cus reaction (1.2 eV), and the prior process involving the O cus species was indeed found to completely dominate the simulated steady-state activity of this surface at technologically relevant gas phase conditions. A recent set of TPR experiments came therefore as a particular surprise, since the observed dependence of the CO 2 yield on surface coverage was put forward as evidence for a comparable activity of the strongly-bound O br surface oxygen species [3] , thereby implying either a violation of the general Brønsted-Evans-Polanyi relationships or errors in the relative first-principles barriers of the competing reactions that exceed 0.3 eV (and thereby amount to several orders of magnitude in the temperature-dependent rate constants).
Specifically, TPR spectra were recorded from surfaces in which initially all bridge sites were always fully covered with O br , while the coverage of O cus varied in the range 0 < θ < 0.8 monolayer (ML), where 1 ML corresponds to an occupation of all cus sites. The remaining free cus sites were then each time saturated with CO, so that the initially prepared surfaces contained an amount of 1ML O br , θ ML O cus and (1−θ) ML CO cus . Within the understanding of a much more reactive O cus species and thus a dominance of the O cus +CO cus reaction, the anticipated coverage dependence of the total CO 2 yield in the TPR experiments in a mean-field picture is simply a parabolic θ(1 − θ). What was measured instead is an almost linear (1 − θ) decrease of the total CO 2 yield with increasing O cus coverage as shown in Fig. 2 [3] . Such a behavior is much easier rationalized assuming the O br species to be more reactive (and correspondingly the O br +CO cus reaction to be dominant), since within the mean-field picture reaction of the constant O br population with the linearly decreasing amount of CO cus at the surface would give rise to a linear (1 − θ) dependence. With the surface kinetics of RuO 2 (110) dominated by ideal terrace sites and lateral interactions between O and/or CO at these terraces rather small [6] , one would generally expect this mean-field analysis to be applicable, and -together with further experiments on which we comment below -the higher reactivity of the O cus species was correspondingly questioned [3] .
We scrutinize this conclusion with first-principles kMC simulations of the presented TPR data. This technique [2, 6] combines the accurate description of the individual elementary processes and their interplay with an explicit account of the detailed spatial arrangement of the chemicals at the surface. Here, we consider all non-correlated site and element specific desorption, diffusion and reaction events on the lattice spanned by br and cus sites, employing for each process first-principles rate constants computed by DFT and harmonic transition state theory [6] . This is thus exactly the same setup which was described in detail before and with which the experimentally measured steady-state activity of this surface could be successfully reproduced [6] . The TPR kMC simulations were carried out on (40 × 40) lattices (800 br, 800 cus sites) with periodic boundary conditions, using the experimental heating ramp of 4.5 K/s. Modeling the dissociative adsorption of O 2 , surfaces with a defined initial content of O cus species were prepared by randomly filling pairs of neighboring free cus sites until the desired coverage was reached, and then filling all remaining empty cus sites with CO molecules, as well as filling also all bridge sites with O atoms. For such defined initial populations, the TPR spectra were simulated by measuring the amount of desorbing CO 2 resolved in 10 K bins during the temperature ramp and averaging over several simulations with different random number seeds. Extensive tests verified that none of the specifics of the numerical setup, and in particular the finite lattice size, affected the quantities reported here. For the discussed total CO 2 yields (integrated over the experimentally employed temperature range of 170 -600 K) slightly wrong desorption peak temperatures obtained as a consequence of the employed DFT energetics are also of lower concern, and we arrive at e.g. essentially identical results and conclusions when employing the refined DFT barriers reported in Ref. [7] . Performing our TPR kMC simulations for surfaces prepared with varying cus-site populations, we obtain exactly the same variation of the total CO 2 yield with O cus coverage as in the experiments, cf. Fig. 2 . The linear dependence interpreted as evidence for a comparable reactivity of the O br species thus results despite the fact that the O cus +CO cus reaction with a calculated barrier of 0.9 eV [6] has a temperature-dependent rate constant in our simulations that is always orders of magnitude higher than the one of the competing O br + CO cus reaction with a barrier of 1.2 eV [6] . Disentangling how much of this CO 2 yield is produced by which of these two reaction mechanisms in Fig. 2 , we see that the linear coverage dependence results in fact as the sum of a parabolic θ(1−θ) contribution due to O cus +CO cus and a not quite linear (1 − θ) contribution due to O br + CO cus . Rather than the qualitative functional form it is thus primarily the relative weight of the two mechanisms that largely differs from the one deduced from the mean-field analysis. This is most apparent for the surface initially prepared with 0.5 ML O cus and 0.5 ML CO cus , where mean-field would predict that essentially all CO cus would be reacted off by the low-barrier O cus +CO cus reaction before the O br +CO cus reaction can efficiently set in at higher temperatures. Instead we obtain an almost equal contribution of both reaction mechanisms to the total CO 2 yield, cf. Fig. 2 , which shows that the perfect mixing assumption behind mean-field is not fulfilled at this surface. Intriguingly, the corresponding inhomogeneity in the surface adlayer is here not created by lateral interactions (which are absent in our first-principles model [6] ), but follows from the spatial arrangement of the active surface sites and diffusion limitations of the reactants. At the conditions of the TPR experiments the rows of stronglybound O br species confine the reactive O cus species to one-dimensional cus site trenches, cf. Fig. 1 . With the concomitant high diffusion barriers inside these trenches [6] , only a fraction of the CO cus molecules can access the adsorbed O cus atoms and react readily. This is illustrated in Fig. 3 which shows snapshots of the surface population at the beginning of the TPR ramp and at a temperature of T = 400 K. This temperature lies above the desorption peak temperature for the O cus +CO cus reaction as predicted by mean-field for a second order process and our temperature-dependent first-principles rate constant. According to mean-field essentially all of the initially present CO cus species (> 98 %) should therefore have already been reacted off. In our kMC simulations we find instead still 40 % of them to be present at the surface, namely essentially all those that did not have an immediately neighboring O cus atom in the initially prepared ensemble, cf. Fig. 3 . Due to the spatial arrangement of the two prominent active sites, all adsorbed CO cus molecules are on the contrary always chaperoned by two adjacent O br neighbors, enabling a significant fraction of O br +CO cus reactions despite the much higher reaction barrier. In this situation it is thus more the neighbor coordination, not the reactivity that determines the relative weight of the two reaction mechanisms in the final CO 2 yield, and this cannot be captured within a meanfield approach. Obviously, this geometric effect is specific to the TPR experiments, since under steady-state conditions it would be efficiently counteracted by the replenishment of the cus population due to on-going dissociative O 2 and unimolecular CO adsorption. We note, however, that even then a mean-field analysis fails qualitatively, predominantly due to its inability to properly describe the site correlations introduced by the necessity to dissociatively adsorb O 2 into two neighboring vacant surface sites [8] .
When employing isotope labeling, the contributions of 18 O cus and 16 O br species to the total CO 2 yield can also be separated experimentally. Let us assume now that the corresponding two simulated curves in Fig. 2 were the data measured in a "computer experiment". A reasoning within the prevalent mean-field picture for TPR data analysis would have left us no alternative, but to conclude from the roughly similar contributions of both reaction mechanisms particularly at θ = 0.5 ML that the O cus +CO cus and O br +CO cus reaction had roughly equal rate constants. Already at this model surface of moderate complexity and without any lateral interactions, the mere neglection of the way the two prominent active sites are arranged at the surface alone would have thus led us to deduce rate constants that are several orders of magnitude wrong. Or, in terms of reaction barriers we would not have been able to resolve the 0.3 eV difference in the barriers of the two mechanisms that was really the input to our "computer experiment". The errors introduced by the mean-field assumption to the TPR data analysis are thus highly comparable to those obtained when using mean-field based rate theory to extract kinetic parameters from steady-state catalytic activity measurements [8] . Such erroneous kinetic parameters are a source of confusion as exemplified by the conjectured violation of the Brønsted-Evans-Polanyi type relationships for the present RuO 2 (110) surface [3] , or -maybe even worse regarding theoretical work -this kind of data would then possibly be used to benchmark the quality of firstprinciples electronic structure calculations.
Isotope labeling experiments of the just described type, i.e. separating the contributions of 18 O cus and 16 O br species, have in fact been performed and have indeed shown the surprisingly low relative weight of the O cus +CO cus reaction in the total CO 2 yield [3] . The relative magnitude and qualitative shape of the measured curve are similar to our simulation data shown in Fig. 2 , but its maximum is intriguingly shifted from θ = 0.5 ML to ∼ 0.2 ML. We are able to explain this finding as a consequence of an insufficient sample preparation. The experimental data was recorded sequentially starting with the θ = 0. 18 O cus falsifies the obtained isotopelabeled CO 2 yield and shifts the maximum of the curve, which we are fully able to reproduce when exactly following the described experimental procedure [9] in our simulations [10] .
In conclusion, we have shown that the detailed spatial arrangement of the active surface sites has a large effect on a recently reported set of TPR experiments studying the catalytic CO oxidation at RuO 2 (110). Even in the absence of lateral interactions at this surface, this nanostructure alone leads to inhomogeneities that cannot be grasped by prevalent mean-field data analysis procedures, which thus lead to misleading conclusions on the reactivity of the different surface oxygen species. When instead analyzed within an appropriate first-principles statistical mechanics framework the atomic-scale information provided by the present TPR data for RuO 2 (110) complies fully with the established picture of the function of this model catalyst surface. This highlights the necessity of more refined data analyses when attempting the atomic-scale characterization of ever more complex surfaces exhibiting an ever wider variety of active sites. Correlations between the locations of these different active sites, i.e. their explicit arrangement at the surface, will then play an increasing role, making site accessibility a more and more important factor for the surface kinetics. The RuO 2 (110) surface studied here exhibits only two prominent active sites, arranged in simple alternating rows. Yet, the mere neglection of this still quite trivial nanostructure leads mean-field TPR data analysis to extract kinetic parameters that are in error by several orders of magnitude and that do not even reflect the relative reactivity of the different surface species correctly.
